Archaeal viruses, especially viruses that infect hyperthermophilic archaea of the phylum Crenarchaeota, constitute one of the least understood parts of the virosphere. However, owing to recent substantial research efforts by several groups, archaeal viruses are starting to gradually reveal their secrets. In the present review, we summarize the current knowledge on one of the emerging model systems for studies on crenarchaeal viruses, the Rudiviridae. We discuss the recent advances towards understanding the function and structure of the proteins encoded by the rudivirus genomes, their role in the virus life cycle, and outline the directions for further research on this model system. In addition, a revised genome annotation of SIRV2 (Sulfolobus islandicus rod-shaped virus 2) is presented. Future studies on archaeal viruses, combined with the knowledge on viruses of bacteria and eukaryotes, should lead to a better global understanding of the diversity and evolution of virus-host interactions in the viral world.
Introduction
Studies of viruses of hyperthermophilic archaea resulted in the description of many new, previously unsuspected, virion morphotypes [1] . However, the biology of these viruses remained largely enigmatic. In the last few years, a substantial effort was made to decipher the functions of proteins encoded by archaeal viruses and to characterize different stages of the viral infection cycles. As a result, several virus-host systems, among both the Crenarchaota [2] [3] [4] and the Euryarchaeota [5] [6] [7] [8] , are emerging as promising models to study in more detail archaeal virushost interactions. In the present review, we summarize the available information on one of such model systems, the hyperthermophilic crenarchaeon Sulfolobus islandicus and its rod-shaped virus SIRV (Sulfolobus islandicus rodshaped virus) 2, provide a revised genome annotation of SIRV2 (Supplementary Table S1 at http://www. biochemsoctrans.org/bst/041/bst0410443add.htm), which should aid future functional studies with this virus, and briefly address the comparative genomics of the rudiviruses.
The Rudiviridae, comprising linear non-enveloped ds (double-stranded) DNA viruses [9] (Figure 1 ), is one of the nine currently recognized families of crenarchaeal viruses [1, 10] . The rudiviruses appear to share a common ancestry with another family of filamentous crenarchaeal viruses, the Lipothrixviridae. The two families are unified in the order Ligamenvirales [11] . The family Rudiviridae consists of one genus, Rudivirus, and four species: SIRV1, SIRV2, ARV1 (Acidianus rod-shaped virus 1) and SRV (Stygiolobus rodshaped virus). All of these viruses originate from terrestrial hot acidic springs in Europe: SIRV1 and SIRV2 are from Iceland (Kverkfjöll and Hveragerdi respectively), ARV1 is from Italy (Pozzuoli), and SRV is from Portugal (San Miguel, the Azores), and respectively infect hyperthermophilic species from the genera Sulfolobus, Acidianus and Stygiolobus of the order Sulfolobales [9, 12, 13] . Recently, an additional rudiviral genome has been sequenced (GenBank ® accession number JX944686). According to the GenBank ® record, this virus, SMRV1 (Sulfolobales Mexican rudivirus 1), has been recovered from a hot spring located in Los Azufres National Park, Mexico. Of the five rudivirus isolates, SIRV1 and SIRV2 are the most closely related, with 73% identity across the complete genome sequences (Figure 2 ). Moreover, SIRV1 and SIRV2 infect closely related strains of S. islandicus. Most of the current knowledge on the Rudiviridae stems from studies carried out with SIRV1 and SIRV2. Given the extent of similarity between these two viruses, results obtained with one virus are likely to be directly transferable to the other.
Virion architecture
Virion composition and organization of rudiviruses have been investigated biochemically and by electron microscopy. The virion of SIRV2, the type member of the family, is stiff, rod-shaped and measures ∼23 nm×900 nm ( Figure 1 ). It contains no envelope and represents a tube-like superhelix formed by dsDNA and multiple copies of the viral protein P134. Negative-contrast electron micrographs suggest that, at each end, the virion tube carries plugs, ∼50 nm×6 nm (Figure 1, inset) . However, these plugs are absent from cryoelectron micrographs (Figure 1 ), and thus may represent an artefact of negative staining. Notably, as in the case of filamentous viruses infecting bacteria {circular ss (singlestranded) DNA genomes, family Inoviridae [14] } and plants (linear ssRNA genomes [15] ), the virion length in rudiviruses is proportional to the length of the genomic dsDNA [13] . The overall virion organization of rudiviruses also somewhat resembles that of rod-shaped plant-infecting viruses of the family Virgaviridae. Indeed, the pitch of the virion helix is about the same (∼2.3 nm) for SIRV2 and tobacco mosaic virus [10] . However, the crystal structure of the rudiviral MCP (major capsid protein), P134, revealed a unique fourhelix bundle topology [16] (Figure 2 ), which radically differs from the fold of the tobacco mosaic virus MCP [17] . By contrast, the rudiviral MCP shares a common fold with the MCPs of the enveloped lipothrixvirus AFV (Acidianus filamentous virus) 1 [18] , also a member of the order Ligamenvirales [11] . The rudiviral MCP can self-assemble to produce filamentous helical structures with diameter and pitch similar to those of the native virions [13] .
At each end, the SIRV2 virion carries three terminal fibres with which it attaches to the cellular appendages of the host. The largest viral protein P1070 is a component of these fibres [19] . The fibres appear to be built up of multiple subunits ordered in a linear array [13] . Consistently, analysis of the sequence revealed the presence of a coiled-coil domain, suggesting that each fibre is a homomultimer of intertwining chains of P1070. Besides P134 and P1070, two other viral proteins, encoded by ORF488 and ORF564, were found to be present in the SIRV2 virion, albeit in a very low amount [13] . The four capsid proteins are encoded in all members of the Rudiviridae family, and the degree of sequence conservation is very high, especially for the major capsid protein (83-95% identity).
Genome, its replication and nucleic acid metabolism
The linear genome of SIRV2 consists of 35 502 bp and encompasses 1628 bp-long ITRs (inverted terminal repeats). The genomes of other members of the family also contain the ITRs; however, these differ in size and sequence. The two strands of the linear dsDNA of SIRV1 are covalently linked at both ends of the genome, forming a continuous polynucleotide chain [20] . Such structural design of the genome combined with the absence of an identifiable virus-encoded DNA polymerase suggested a unique mechanism of rudiviral genome replication. SIRV1 served as an experimental model for such studies. An insight into the DNA replication mechanism was provided by the observation of single-stranded nicks at a conserved position, 11 nucleotides from the genome terminus, in approximately 5% of DNA molecules isolated from SIRV1 virions [20] . More insights into the replication process were offered by the detection of head-to-head or tail-to-tail linked replicative intermediates in SIRV1-infected cells [21] . On the basis of these results, the self-priming model of SIRV1 genome replication was proposed [22] . According to this model, the replication is initiated by the introduction of singlestranded nick at position 11 from the terminus followed by unfolding of the hairpin loop and reconstruction of the palindrome by elongating the free 3 -hydroxy end. The elongated DNA strand then folds back on itself and replication proceeds by elongation of this structure, resulting in formation of head-to-head and tail-to-tail linked replicative intermediates, which adopt cruciform topology at the borders of genome units by extrusion of the palindromic linkers formed by the ITRs. The resolution of these Holliday junction-like structures gives rise to new copies of the viral genome.
Two SIRV1/2-encoded proteins could be major players in the proposed DNA replication mechanism. The resolution of the crystal structure of P119 of SIRV1 [23, 24] enabled recognition of the protein as a member of the Rep superfamily of proteins (Figure 2 ), which are site-specific endonucleases involved in the initiation of rolling-circle replication of diverse viruses and plasmids [25] . Although P119 and its homologues in other rudiviruses do not show significant sequence similarity to any other protein sequences in database searches performed using PSI-BLAST, HHpred search showed significant similarity (P = 91.5%) to a tyrosine transposase of the TnpA family [26] and limited similarity to other tyrosine transposases and Rep proteins. Moreover, the diagnostic sequence motifs of the Rep superfamily [25] could be identified in the multiple alignment of the rudivirus initiator proteins. The experimentally demonstrated nicking and joining activities of P119, which functions as a dimer, could be involved both in initiation of SIRV1 genome replication by nicking DNA strands close to the terminus and in the formation of a new contiguous DNA strand as a result of the joining activity [23] . Moreover, one of the nicking target sites of the recombinant P119 corresponded to the main nicking site identified in DNA isolated from Figure) . The structures of proteins of the Ligamenvirales (rudiviral or lipothrixviral) with orthologues in SIRV2 genome are shown above the SIRV2 genome map, with the source of each structure indicated in parentheses. The protein structures are coloured according to the secondary-structure elements: α-helices, blue; β-strands, magenta; coils, grey. The Figure was prepared using EasyFig [52] and UCSF Chimera [53] .
SIRV1 virions, suggesting that cleavage of the sequence by P119 observed in vitro is relevant in vivo [23] . Owing to its catalytic properties, P119 could potentially be involved also in the resolution of replicative intermediates. However, the more likely candidate to perform the resolution of Holliday junctions at the boarders of two genome units is P121. This protein shows high sequence similarity to archaeal Hjrs (Holliday junction resolvases) and has been shown experimentally to possess Hjr activity; it functions as a dimer with two active centres which independently introduce two nicks in the DNA strands of the Holliday junction [27] . Sequence analysis led to the prediction that two other SIRV1/2 proteins, P158b and P207, participate in nucleic acid metabolism (Supplementary Table S1 ); in both cases, the putative enzymatic activities were confirmed in biochemical assays. The recombinant P158b, as predicted, was shown to represent a dUTPase, which catalyses the hydrolysis of dUTP to dUMP [28] . Among the rudiviruses, only SIRV1 and SIRV2 encode the dUTPase, but a highly conserved homologue is present in an otherwise unrelated Sulfolobus virus, STSV1 (Sulfolobus tengchongensis spindle-shaped virus 1), and in numerous archaea and bacteria. The SIRV dUTPase might play an important role in adjusting the intracellular concentration of dTTP in infected cells. Notably, the GC content of SIRV is substantially lower than that of its host (25% compared with 38% GC). Thus the pool sizes of dTTP in host cells might not be optimal for supporting rapid growth of the virus. P207, a member of the RecB nuclease superfamily [29] , was indeed shown to display a single-strand-specific endonuclease activity with a cleavage mechanism similar to that of the RecB nuclease [30] . Like the dUTPase P158b, the endonuclease P207 is only present in SIRV1 and SIRV2 among the rudiviruses. Notably, among all members of the RecB family, this protein shows the strongest sequence similarity to the Cas4 protein of the CRISPR (cluster of regularly interspaced palindromic repeats)-Cas (CRISPR-associated sequences) antivirus defence system [31] , suggesting the possibility that the common ancestor of SIRV1 and SIRV2 acquired this gene from a CRISPR-Cas locus. The exact role of the ssDNA endonuclease P207 during the infection cycle is unclear. One possibility is that P207 plays a role in host chromosome degradation during SIRV lytic infection.
Transcription regulation and DNA-binding proteins
The analysis of gene expression of the viruses SIRV1 and SIRV2 by Northern blot hybridization, from 30 min to 3 h after infection, revealed that there is little temporal regulation of viral gene expression [32] . Many genes are clustered and appeared to be transcribed as polycistronic messengers. To promote transcription of its genes, SIRV1 was shown to co-opt host-encoded transcription activator Sta1, which displays a canonical winged HTH (helix-turn-helix) fold [33] . Another candidate involved in viral gene expression is P56b (SvtR) that, in experiments in vitro, repressed transcription from several viral promoters including the promoters of its own gene and the gene for the largest structural protein, P1070 [34] . The NMR structure of the protein revealed a typical RHH (ribbon-helix-helix) fold; it has been shown that P56b forms a dimer ( Figure 2 ) and binds DNA with its β-sheet face [34] .
In addition to P56b, several other putative DNA-binding proteins were predicted by structural (summarized in [35] ) and comparative genomics approaches [29] (Supplementary  Table S1 ). These include P83a/83b (HTH motif), P59b (RHH motif), P55 (zinc-binding domain) and P114 (Table 1) . Although the exact function of these proteins has yet to be determined, the presence of typical DNA-binding domains suggests that they might be involved in the regulation of viral and/or cellular promoters. The protein P114 is of special interest because it is highly conserved not only in rudiviruses and lipothrixviruses, but also in other diverse viruses of Crenarchaeota. This protein adopts a unique structural fold, and its homologues in lipothrixvirus AFV3 and STIV (Sulfolobus turreted icosahedral virus) were shown to bind dsDNA [36, 37] .
Viral cycle and virion egress
Owing to the absence of visible indications of cell lysis, it was originally presumed that rudiviruses are not lytic [9] . This view has been challenged by the recent in-depth analysis of SIRV2-Sulfolobus interactions [38] . Unexpectedly, massive degradation of the host chromosome was detected starting from early stages of infection. This was followed by virion assembly in the cytoplasm, in the form of several (three or four) densely packed bundles of approximately 50 virions, arranged side by side. Parallel to the virion assembly, heptagonal pyramidal formations, termed VAPs (virus-associated pyramids), are formed at the cell surface, rupturing the S-layer and pointing outwards [38] . The virus cycle ends with opening of the VAPs, allowing release of the cytoplasm and mature virions.
The VAPs could be isolated as stable structural units, hollow baseless pyramids with seven faces (isosceles triangles with angles of 74
• and 33
• ) from the membrane fraction of SIRV2-infected cells [39] . These structures have been shown to consist solely of multiple copies of a single SIRV2 protein, P98 [39, 40] , which is predicted to be a type II membrane protein [40] and is self-sufficient for formation of pyramidal structures with sevenfold symmetry [39] . One member of the Rudividae, ARV1 [12] , does not encode a P98 homologue and apparently exploits a different, currently unclear, mechanism of virion egress. Surprisingly, a homologue of P98 is present in STIV that has been shown to exploit a virion egress mechanism similar to that of rudiviruses [2, 41, 42] . Conceivably, these findings reflect independent evolution of virion morphogenesis and egress systems in archaeal viruses.
Covalent modification of various substrates and other functions
DNA viruses often encode proteins that are responsible for covalent modification of various cellular or viral substrates. These functions are likely to play important roles in modulating virus-host interactions at all stages of the infection cycle and are usually derived from the host genome, judging from typically high sequence similarity to and abundance of cellular homologues [29, 43] . Among archaeal viruses, perhaps the most prevalent class of modificationconferring enzyme is GTases (glycosyltransferases). These enzymes are encoded by both euryarchaeal (e.g. His1) [44] and various crenarchaeal viruses [29] , including the recently described Aeropyrum coil-shaped virus with a singlestranded DNA genome [10] . Genomes of members of the Ligamenvirales are particularly enriched in GTase-encoding genes, although the exact number varies among these viruses. SIRV2 encodes three GTases (Table 1 and Supplementary  Table S1 ), whereas the lipothrixvirus SIFV (Sulfolobus islandicus filamentous virus) encodes five. The three GTases of SIRV2 do not seem to have evolved via recent duplications; rather, each is represented by highly conserved orthologues in all known rudiviruses and, accordingly, all three can be inferred to be ancestral in this virus family. Moreover, the ultimate origins of these GTase might be different, with one of them (P356) being of apparent bacterial provenance. To date, none of the GTases encoded by archaeal viruses has been functionally characterized. However, irrespective of the presence of a GTase gene in a viral genome, it has been demonstrated that structural proteins of archaeal viruses are often glycosylated [45] [46] [47] . The same is true for rudivirus ARV1, the major capsid protein of which has been shown to be sugar-modified [12] . Besides virion proteins, GTases might also be responsible for modification of viral genomes, cellular proteins or host cell envelope. However, the latter modifications remain to be investigated.
In addition to the GTases, SIRV2 encodes three other predicted enzymes potentially involved in modification (Table 1) . These include a protein acetyltransferase and two RNA-modifying enzymes, namely tRNA-ribosyltransferase (also a member of the GTase superfamily) and S-adenosylmethionine-dependent methyltransferase. Close homologues of the last two proteins are widespread in archaea and are also conserved in lipothrixviruses. In addition, a homologue of the SIRV2 tRNA-ribosyltransferase is encoded by STSV1 [48] , a tentative member of the Bicaudaviridae family. An apparent function for these proteins is modification of (certain) cellular tRNAs, with consequent potential role in decoding, translation accuracy and control, as well as structural integrity of tRNAs [49] . Finally, SIRV2 encodes two additional proteins that could play important roles during the infection cycle. Protein P436 possesses an AAA + (ATPase associated with various cellular activities) domain, most closely related to the ATPase domains of ATP-dependent Lon proteases. However, the function of this protein remains enigmatic. Protein P399 possesses 12 transmembrane domains and is homologous with amino acid transporters (Supplementary Table S1 ). This protein could be important for securing the supply of amino acids for virus propagation and virion assembly, a process which might be compromised as a result of degradation of the cellular chromosome [38] . Interestingly, beyond the rudiviruses, both of these proteins have primarily bacterial, but not archaeal, homologues, emphasizing the apparent bacterial contribution to the evolution of archaeal viruses.
Conclusions
Properties of approximately half of the proteins encoded by the rudiviruses SIRV1 and SIRV2 have been characterized as a result of analysis of their sequences, structures and biochemical characteristics (Table 1) . Such a proportion of recognized gene functions is among the highest for crenarchaeal viruses. The discovery of the unique egress mechanism of rudiviruses suggests that the wealth of information on molecular aspects of virus-host interactions from the two other domains of life, Bacteria and Eukarya, is of limited value for the rudiviruses, and perhaps generally for archaeal viruses. Major questions remain to be answered, particularly the following. (i) How do rudiviruses deliver DNA into the host cell? (ii) How is the host replication machinery recruited for preferential production of viral genomes? (iii) How do viral proteins achieve dramatic changes in the host cell leading to the elimination of the host chromosome and establishment of viral factory? (iv) What are the requirements and molecular mechanisms that allow incorporation of rudiviral gene fragments (protospacers) into CRISPR loci of Sulfolobales [50, 51] ? (v) What drives the assembly of individual virions as well as virion bundles in the cytoplasm of the host cell? (vi) How do rudiviruses achieve well-orchestrated opening of the virion release structures, VAPs, and extrusion of linear virions through the perforations? Answering these questions and deciphering molecular details of the life cycle of rudiviruses promises to unravel unknown aspects of virus-host interaction and could provide novel insights into the origin and evolution of viruses. 
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